The deep hole drilling (DHD) technique has received much attention in recent years as a method for measuring through-thickness residual stresses. However, some accuracy problems occur with the DHD technique. One reason is that the traditional evaluation formula assumes that the stress condition around the reference hole is two-dimensional plane stress. In this study, a new evaluation formula and procedure are proposed using three-dimensional stress functions to evaluate the residual stress more accurately. Then, a known stress field is evaluated by the traditional formula and the new formula using the finite element method to compare the accuracy of the both results. These results indicate that the proposed formula can evaluate the residual stress better than the traditional formula can.
Introduction
Residual stresses are found in weld joints because of the localized heat input, the difference between the expansion coefficients of joint members, and the restraints around the welded zones. In particular, high residual tensile stresses occur near welded zones. These stresses can affect the fracture and fatigue behaviors in welded structures 1) . Naturally, for assessing theses behaviors in detail, the inner residual stress fields are as important as surface residual stress fields. The neutron diffraction technique is a well-known evaluation method for the inner residual stress fields 2) . However, it is not always possible to easily conduct evaluations with this technique because it requires extensive experimental equipment and a stress-free sample. In addition, this technique cannot be applied to the residual stress evaluation of plates more than several tens of millimeters in thickness. Therefore, a new technique for evaluating inner residual stress fields is needed when the neutron diffraction technique cannot be applied.
Consequently, the deep hole drilling (DHD) technique has received much attention in recent years as a method for measuring through-thickness residual stresses [3] [4] [5] . The DHD technique measures the diametric change of a reference hole drilled thorough the component before and after the residual stress release. The residual stress release is performed by trepanning a column of material containing the reference hole.
The DHD technique has some advantages over the neutron diffraction technique, such as simpler test devices and procedures, applicability to thick plates, and in-field testing capability.
However, some accuracy problems occur with the DHD technique. One reason is that the traditional evaluation formula assumes that the stress condition around the reference hole is two-dimensional plane stress. Under this assumption, the stress conditions around the reference hole cannot be considered precisely. In addition, the effect of the residual stress distribution in thickness direction is ignored. Therefore, this study proposes a new evaluation formula and procedure using three-dimensional stress functions to solve the accuracy problems and to evaluate the residual stress more accurately using the DHD technique. Then, a known stress field is evaluated by the traditional formula and the new formula using the finite element method (FEM) to compare the accuracy of the both results.
Diametric changes of the reference hole under the three-dimensional stress conditions
In this chapter, a new evaluation formula and procedure using three-dimensional stress functions are proposed. The effect of the stresses in thickness direction on the diametric changes, which are ignored in traditional evaluation formula, can be considered by using three-dimensional stress functions. First developed are the relationships between the uni-axial stress fields in the x direction, which have an arbitrary distribution in the z direction, and the diametric changes. The z direction is the thickness direction (0<z<h, h: thickness of objectn) and the x direction is the direction normal to the thickness direction as shown in Fig. 1 . Here, can be expressed as a Fourier series 
where In addition, the relationships of the coefficients obtained by the boundary condition on the surface ( ) are as follows:
Now, and are expanded in the Fourier-Bessel series where Now, the coefficients of are to be zero in Eq. 7.
Therefore, using Eq. 6 and Eq. 7, where Here, are the values that satisfy . Therefore, these are obtained from Eq. 6.
The coefficients of each stress functions are determined uniquely according to the above discussio. Now, the displacement of the hole edge is determined as follows:
In addition, when the diametric changes caused by the uni-axial stress fields are denoted by , the diametric changes caused by the multi-axial stress fields are written as follows: (8) When Eq. 8 is applied to the residual stress evaluation using the DHD technique, the residual stress fields are the stress fields that satisfy Eq. 8 using obtained by the DHD process.
Method for evaluating residual stress considering three-dimensional stress fields
The diametric changes can be calculated from the residual stress fields by using Eq. 8. Therefore, the residual stress fields can be calculated from the diametric changes obtained by thr DHD procedure as follows:
1. Calculate from the diametric changes by using Eq. 9.
2. Calculate from by using Eq. 8.
3. Calculate the differences between .
4. Calculate by using Eq. 10.
5. Calculate from .
6. When ( : convergence criteria), go back to 3.
Afterwards, is replaced to . ]
] (10)
Evaluation of a residual field by proposed and traditional formulae
The object used for the FEM is shown in Fig. 2 indicate that the proposed formula can evaluate the residual stress better than the traditional formula can.
Conclusions
A new evaluation formula that considers the effects of the three-dimensional stress condition was presented. The evaluation results obtained by the proposed formula agree with the applied stress better than those obtained by the traditional formula. Using the proposed formula, the DHD technique can evaluate residual stresses more accurately. 
